Forward-backward asymmetry on Z resonance in SO(5) x U(1) gauge-Higgs
  unification by Uekusa, Nobuhiro
ar
X
iv
:0
91
2.
12
18
v2
  [
he
p-
ph
]  
29
 Ju
l 2
01
0
OU-HET 651/2009
Forward-backward asymmetry on Z resonance
in SO(5)×U(1) gauge-Higgs unification
Nobuhiro Uekusa
Department of Physics, Osaka University
Toyonaka, Osaka 560-0043 Japan
E-mail : uekusa@het.phys.sci.osaka-u.ac.jp
Abstract
We find that the tree-level predictions of the forward-backward production asym-
metries on the Z resonance for b and c quarks, AFB, in an SO(5)×U(1) gauge-Higgs
unification model are markedly close to the central values of the Particle Data Group
data unlike the standard model. The decay width of Z boson is evaluated and the
S and T parameters are discussed.
1 Introduction
The standard model of elementary particles describes physics well up to the weak scale.
It is a gauge theory with quarks and leptons as particles of matter and with gauge bosons
as particles of force. In addition to matter and force, the ground state is quantified in
a unified framework. If the theory were in a symmetric phase, the quarks, leptons and
gauge bosons would be all massless. To yield their masses, the gauge symmetry is broken.
A single scalar field minimally represents an effective source of gauge symmetry break-
ing, though it is unknown even whether further microscopic structure of the symmetry
breaking is possible. In the standard model, quarks, leptons, gauge bosons and even the
Higgs boson are treated on an equal footing. This is a feasible unified model. However
the standard model has the gauge hierarchy problem. From an intuitive viewpoint, while
fermions and gauge bosons are called particles of matter and force, respectively, it seems
obscure what particle the physical Higgs boson should be called.
The gauge-Higgs unification scenario is to treat gauge fields and Higgs field literally
in a unified way. The four-dimensional Higgs field is identified with a part of the extra-
dimensional component of gauge fields in higher dimensions [1, 2]. Due to a physical
Wilson line phase, the electroweak symmetry is dynamically broken [3, 4, 5]. The non-
locality of the Wilson line phase yields a finite mass to the physical Higgs boson and it is
a solution to the gauge hierarchy problem [6].
In a gauge theory with group SO(5) × U(1), the custodial symmetry of the stan-
dard model is applied to the gauge-Higgs unification scenario. It leads to the decisive
prediction. The presence of top quark which is a part of fermions introduced in the vec-
torial representation of SO(5) in the bulk five-dimensional Randall-Sundrum spacetime
dynamically induces the electroweak symmetry breaking where the effective potential for
the Wilson line phase θH is minimized at θH = ±12π [7]. The four-dimensional Higgs
field H(x) corresponds to four-dimensional fluctuations of the Wilson line phase. The
effective interactions are determined for definite matter content. The WWH , ZZH and
Yukawa couplings are suppressed by a factor cos θH compared with those in the standard
model [8, 9]. At θH = ±12π for the potential minimum, the couplings with a single Higgs
field vanish. If the annihilation rate of Higgs bosons is small, it can become a candidate
of the dark matter in the universe [10]. From an intuitive viewpoint, the physical Higgs
boson might be called a particle of dark matter.
Recently, an SO(5) × U(1) gauge-Higgs unification model in the Randall-Sundrum
spacetime has been generalized to inclusion of three generations of fermions (quarks and
leptons) and gauge bosons, i.e., all particles of matter and force at the weak scale [11].
The effective chiral theory of the model is anomaly free. In the model which holds the
distinctive prediction of dynamical gauge symmetry breaking and the stable Higgs boson,
the W , Z and electromagnetic currents have been determined. The electroweak currents
depend on profiles of wave functions of W , Z bosons and quarks and leptons both in the
fifth-dimension and SO(5) group. Despite the highly nontrivial profiles, it has been found
that the deviations of the couplings of fermions to gauge bosons from the standard model
are less than 1% except for top quark. This small deviation raises the expectation that
this SO(5)× U(1) gauge-Higgs unification model may be regarded as a realistic model.
Once these gauge couplings are indicated in an expression of observed quantities, they
can be compared with experimental data rather than the values of the standard model. A
representative measured quantity relevant to gauge couplings of fermions is the forward-
backward asymmetry on the Z resonance, which is denoted as AFB. In the standard
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model, AFB has been extensively studied including radiative corrections. For b quark
production, there seems to be a discrepancy between the standard model prediction and
the experimental value. It is certain that AFB is a decisive indication to express the gauge
couplings also in the SO(5)× U(1) model.
In this paper, we present the tree-level predictions of the forward-backward production
asymmetries on the Z resonance for quarks and leptons, AFB, in the model given in
Ref. [11]. It is found that the tree-level prediction for b quark production gives AbFB =
0.09952, which is quite close to the central value of the experimental data AbFB(Exp.) =
0.0992±0.0016.∗ We find for c quark production AcFB = 0.07073 which is also close to the
central value of the experimental data AcFB(Exp.) = 0.0707 ± 0.0035. For all fermions,
the tree-level predictions of AFB are given, and it is shown that the values are not very
sensitive to whether input parameters for quarks and leptons correspond to their running
masses at the mZ scale or their pole masses. Because the gauge-Higgs unification scenario
is a higher-dimensional theory, it is non-renormalizable and its radiative effects should be
treated appropriately. We discuss quantum loop corrections and divergences for observed
quantities. We also evaluate other electroweak quantities such as the decay width of Z
boson and the S and T parameters.
The paper is organized as follows. In Section 2, our model is summarized. In Section 3,
we give the equations for the Z boson couplings of fermions required for calculating AFB.
The numerical analysis of AFB is shown in Section 4. The decay width and the S and T
parameters are evaluated in Section 5. Summary and discussions are given in Section 6.
Details of the notation and the results for input parameters different than in the main
text are given in Appendices A and B, respectively. The values of the S and T parameters
at one-loop in the standard model are summarized in Appendix C.
2 Model
We work on the model given in Ref. [11]. The model is defined in the Randall-Sundrum
(RS) warped spacetime whose metric is given by [12, 13]
ds2 = GMNdx
MdxN = e−2σ(y)ηµνdx
µdxν + dy2, (2.1)
where ηµν = diag(−1, 1, 1, 1), σ(y) = σ(y + 2L), and σ(y) = k|y| for |y| ≤ L. The
fundamental region in the fifth dimension is given by 0 ≤ y ≤ L. The Planck brane and
the TeV brane are located at y = 0 and y = L, respectively. The bulk region 0 < y < L
is an anti-de Sitter spacetime with the cosmological constant Λ = −6k2.
We consider an SO(5)×U(1)X gauge theory in the RS warped spacetime. The SO(5)×
U(1)X symmetry is broken to SO(4)×U(1)X by the orbifold boundary conditions at the
Planck and TeV branes. The symmetry is spontaneously broken to SU(2)L × U(1)Y by
additional interactions at the Planck brane. Here we do not address a question of how
the orbifold structure of spacetime appears with orbifold conditions.
The action integral consists of four parts:
S = Sgaugebulk + S
scalar
Pl. brane + S
fermion
bulk + S
fermions
Pl. brane. (2.2)
The bulk parts respect SO(5) × U(1)X gauge symmetry. There are SO(5) gauge fields
AM and U(1)X gauge field BM . The former are decomposed as AM =
∑10
I=1A
I
MT
I =
∗The experimental value is quoted from the Particle Data Group data [18].
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∑3
aL=1
AaLM T
aL+
∑3
aR=1
AaRM T
aR+
∑4
aˆ=1A
aˆ
MT
aˆ, where T aL,aR(aL, aR = 1, 2, 3) and T
aˆ(aˆ =
1, . . . , 4) are the generators of SO(4) ∼ SU(2)L×SU(2)R and SO(5)/SO(4), respectively.
In a vectorial representation, the components of the generator are T aL,aRij = − i2 [12ǫabc(δbi δcj−
δbjδ
c
i )±(δai δ4j−δaj δ4i )] and T aˆij = − i√2(δaˆi δ5j−δaˆj δ5i ), where i, j = 1, . . . , 5 and Tr(T IT J) = δIJ .
The action integral for pure gauge boson part is
Sgaugebulk =
∫
d5x
√−G
[
−tr(1
4
F (A)MNF
(A)
MN +
1
2ξ
(f
(A)
gf )
2 + L(A)gh )
−(1
4
F (B)MNF
(B)
MN +
1
2ξ
(f
(B)
gf )
2 + L(B)gh )
]
, (2.3)
where the gauge fixing and ghost terms are denoted as functionals with suffixes gf and gh,
respectively. Here F
(A)
MN = ∂MAN − ∂NAM − igA[AM , AN ] and F (B)MN = ∂MBN − ∂NBM .
The orbifold boundary conditions at y0 = 0 and y1 = L for gauge fields are given by(
Aµ
Ay
)
(x, yj − y) = Pj
(
Aµ
−Ay
)
(x, yj + y)P
−1
j ,(
Bµ
By
)
(x, yj − y) =
(
Bµ
−By
)
(x, yj + y),
Pj = diag(−1,−1,−1,−1,+1), (j = 0, 1), (2.4)
which reduce the SO(5) × U(1)X symmetry to SO(4) × U(1)X . A scalar field Φ(x) on
the Planck brane belongs to (0, 1
2
) representation of SO(4) ∼ SU(2)L × SU(2)R and has
a charge of U(1)X . With the brane action
SscalarPl. brane =
∫
d5xδ(y)
{−(DµΦ)†DµΦ− λΦ(Φ†Φ− w2)2} ,
DµΦ = ∂µΦ− i
(
gA
3∑
aR
AaRµ T
aR +
gB
2
Bµ
)
Φ, (2.5)
the SU(2)R × U(1)X symmetry breaks down to U(1)Y , the weak hypercharge in the
standard model. The massless modes of A1Rµ , A
2R
µ and A
′3R
µ acquiring large masses. Here(
A
′3R
M
AYM
)
=
(
cφ −sφ
sφ cφ
)(
A3RM
BM
)
, cφ =
gA√
g2A + g
2
B
, sφ =
gB√
g2A + g
2
B
. (2.6)
The four-dimensional gauge coupling for electromagnetic interaction is
e =
gAgB√
(g2A + 2g
2
B)L
=
gAsφ√
(1 + s2φ)L
. (2.7)
For e = g sin θW and g = gA/
√
L, a relationship between the couplings and the weak
mixing angle is give by s2φ = tan
2 θW . We assume that w is much larger than the KK
mass scale, being of O(MGUT) to O(MPlanck). The net effect for low-lying modes of
the KK towers of A1Rµ , A
2R
µ and A
′3R
µ is that they effectively obey Dirichlet boundary
conditions at the Planck brane. This is a limit of the Dirichlet-Neumann mixed boundary
condition. The effective orbifold boundary conditions are tabulated in Table 1. From
the consistency requirement with the five-dimensional gauge transformation, the effective
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Table 1: Boundary conditions for gauge bosons and bulk fermions: The effective Dirichlet
condition made by brane dynamics is denoted as Deff. For fermions j = 1, · · · , 4.
AaLµ A
1R,2R
µ A
′3R
µ A
Y
µ A
aˆ
µ Bµ ψajL, ψa5R
(N,N) (Deff,N) (Deff,N) (N,N) (D,D) (N,N) (N,N)
AaLy A
1R,2R
y A
′3R
y A
Y
y A
aˆ
y By ψajR, ψa5L
(D,D) (D,D) (D,D) (D,D) (N,N) (D,D) (D,D)
Dirichlet condition in Table 1 is not allowed to be replaced by Dirichlet condition without
brane dynamics [14, 15].
Bulk fermions for quarks and leptons are introduced as multiplets in the vectorial
representation of SO(5). In the quark sector two vector multiplets are introduced for each
generation. In the lepton sector it suffices to introduce one multiplet for each generation to
describe massless neutrinos, whereas it is necessary to introduce two multiplets to describe
massive neutrinos. They are denoted by Ψta = (ψa1, . . . , ψa5)
t where the subscript a runs
from 1 to 3 or 4 for each generation.
In the bulk the action integral is
Sfermionbulk =
∫
d5x
√−G
3∑
a=1
iΨ¯aD(ca)Ψa, (2.8)
D(ca) = ΓAeMA (∂M +
1
8
ωMBC [Γ
B,ΓC]− igAAM − igBQXaBM)− caσ′(y), (2.9)
where the Dirac conjugate is Ψ¯ = iΨ†Γ0 and Gamma matrices are given by
Γµ =
(
σµ
σ¯µ
)
, Γ5 =
(
1
−1
)
, σµ = (1, ~σ), σ¯µ = (−1, ~σ). (2.10)
The non-vanishing spin connection is ωµm5 = −σ′e−σδµm, where δµm denotes a vierbein
in the four-dimensional Minkowski spacetime. The ca term in Eq. (2.9) gives a bulk kink
mass, where σ′(y) = kǫ(y) is a periodic step function with a magnitude k. The dimen-
sionless parameter ca plays an important role in the Randall-Sundrum warped spacetime.
The orbifold boundary conditions are given by
Ψa(x, yj − y) = PjΓ5Ψa(x, yj + y). (2.11)
With Pj in Eq. (2.4) the first four component of Ψa are even under parity for the 4D
left-handed (Γ5 = −1) components. An SO(5) vector Ψ can be expressed as the sum of
(1
2
, 1
2
) representation and a singlet (0, 0) of SU(2)L × SU(2)R. The (12 , 12) representation
is written as
ψˆ =
(
ψˆ11 ψˆ12
ψˆ21 ψˆ22
)
=
1√
2
(ψ4 + i~ψ · ~σ)iσ2 = − 1√
2
(
ψ2 + iψ1 −(ψ4 + iψ3)
ψ4 − iψ3 ψ2 − iψ1
)
.(2.12)
The singlet (0,0) is ψ5. The quarks in the third generation, for instance, are composed of
bulk Dirac fermions of SO(5) vectorial representation
Ψ1
(
2
3
)
=
[
Q1 =
(
T
B
)
, q =
(
t
b
)
, t′
]
, (2.13)
Ψ2
(
−1
3
)
=
[
Q2 =
(
U
D
)
, Q3 =
(
X
Y
)
, b′
]
, (2.14)
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and boundary right-handed fermions of the (1
2
, 0) representation for SU(2)L × SU(2)R
χˆ1R
(
7
6
)
=
(
TˆR
BˆR
)
, χˆ2R
(
1
6
)
=
(
UˆR
DˆR
)
, χˆ3R
(
−5
6
)
=
(
XˆR
YˆR
)
. (2.15)
For boundary fermions, the hypercharge Y/2 is equal to the U(1)X charge, QX . The
leptons in the third generation are composed of bulk Dirac fermions of SO(5) vectorial
representation
Ψ3(−1) =
[
ℓ =
(
ντ
τ
)
, L1 =
(
L1X
L1Y
)
, τ ′
]
, (2.16)
Ψ4(0) =
[
L2 =
(
L2X
L2Y
)
, L3 =
(
L3X
L3Y
)
, ν ′τ
]
, (2.17)
and boundary right-handed fermions of the (1
2
, 0) representation for SU(2)L × SU(2)R
χˆℓ1R
(
−3
2
)
=
(
Lˆ1XR
Lˆ1Y R
)
, χˆℓ2R
(
1
2
)
=
(
Lˆ2XR
Lˆ2Y R
)
, χˆℓ3R
(
−1
2
)
=
(
Lˆ3XR
Lˆ3Y R
)
. (2.18)
The number in the parenthesis on the left-hand side for each fermion denotes the U(1)X
charge. The hypercharge and the electric charge are given by Y/2 = T 3R + QX and
QE = T
3L + T 3R + QX , respectively. The components B and t couple to t
′ through the
vacuum expectation value 〈Acy〉 ∝ θHT 4ˆ with the Wilson line phase θH . Similarly, D and
X couple to b′ and for leptons τ and L1X couple to τ ′. With θH alone, there remain extra
massless modes of fermions. In order to make them heavy, we introduce right-handed
fermion χˆαR and χˆ
ℓ
αR in the (
1
2
, 0) representations of SU(2)L × SU(2)R localized on the
Planck brane y = 0. The brane fermions χˆαR and χˆ
ℓ
αR couple to the corresponding bulk
fermions and the brane scalar Φ in Eq. (2.5) through Yukawa couplings. After the Φ
develops the vacuum expectation value, the general brane action for χˆαR and χˆ
ℓ
αR is given
by
SfermionPl.brane =
∫
d5x
√−G iδ(y)
×
{
3∑
α=1
[
χˆ†αRσ¯
µDµχˆαR − µα(χˆ†αRQαL −Q†αLχˆαR)
]
− µ˜(χˆ†2RqL − q†Lχˆ2R)
+
3∑
α=1
[
χˆℓ†αRσ¯
µDµχˆ
ℓ
αR − µℓα(χˆℓ†αRLαL − L†αLχˆℓαR)
]
− µ˜ℓ(χˆℓ†3RℓL − ℓ†Lχˆℓ3R)
}
,(2.19)
where Dµ in the kinetic term has the same form as in Eq. (2.5) with A
aR
µ T
aR replaced by
AaLµ T
aL . The µ terms mix bulk left-handed fermions and brane right-handed fermions.
When each coupling µα, µ˜, µ
ℓ
α and µ˜
ℓ is taken as a matrix, a flavor mixing can be intro-
duced [16, 17]. These couplings have the dimension [M ]1/2 and are collectively denoted as
µ. For simplicity, we adopt flavor-diagonal couplings. Then only the modest conditions,
µ2 ≫ mKK ≡ πk/(zL − 1), are necessary to be satisfied for the values of the couplings
to get the desired low energy mass spectrum. The brane scalar Φ is not required to
be protected from having the quadratic divergent corrections. In the case neutrinos are
massless, Ψ4, χˆ
ℓ
2R and χˆ
ℓ
3R are unnecessary. The model is anomaly free with respect to
SU(2)L × SU(2)R × U(1)X independently of inclusion of these three fields.
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3 Z boson couplings of quarks and leptons
In order to evaluate the forward-backward production asymmetry on the Z resonance for
quarks and leptons, the four-dimensional gauge couplings of fermions with Z boson are
needed. This derivation is given in Ref. [11]. In this section, we summarize the resulting
Z boson couplings.
The four-dimensional Lagrangian terms for the Z boson coupling of t quark are ob-
tained as
LZtt¯ = gAZµ
cos θW
(TLt¯LγµtL + TRt¯RγµtR) , (3.1)
with TL,R = 12T 3L,R − 23T QL,R sin2 θW . The quantities T 3L and T QL are given by
T 3L =
∫ zL
1
dz
[
NZ(z)(CL(z;λt))
2
(
a2U − 2 cos θHaB+taB−t
)
−2 sin θHDZ(z)CL(z;λt)SL(z;λt)aB+tat′
]
, (3.2)
T QL =
∫ zL
1
dz NZ
[
(CL(z;λt))
2(a2U + a
2
B+t + a
2
B−t) + (SL(z;λt))
2a2t′
]
. (3.3)
Here N(z) and D(z) are the fundamental functions in mode expansion of Z boson,
CL(z;λt) and SL(z;λt) are the fundamental functions in mode expansion of t quark.
In expressing mode function profiles, the conformal coordinate z = eσ(y) for the fifth di-
mension is employed, with which the metric becomes ds2 = z−2{ηµνdxµdxν + dz2/k2}.
The fundamental region 0 ≤ y ≤ L is mapped to 1 ≤ z ≤ zL = ekL. In the bulk region
0 < y < L, one has ∂y = kz∂z , Ay = kzAz , By = kzBz . The aU , aB+t, aB−t and at′
are the coefficients in mode expansion of t quark. These explicit definitions are shown in
Appendix A. For the right-handed t quark, T 3R and T QR are given by T 3L and T QL with
(CL, SL) replaced by (SR, CR), respectively.
The four-dimensional Lagrangian terms for the Z boson coupling of b quark are
LZbb¯ =
gAZµ
cos θW
(BLb¯LγµbL + BRb¯RγµbR) , (3.4)
with BL,R = −12B3L,R + 13BQL,R sin2 θW , where B3L and BQL are given by
B3L =
∫ zL
1
dz
[
NZ(z)(CL(z;λb))
2
(
a2b + 2 cos θHaD+XaD−X
)
+2 sin θHDZ(z)CL(z;λb)SL(z;λb)aD+Xab′
]
, (3.5)
BQL =
∫ zL
1
dz NZ(z)
[
(CL(z;λb))
2(a2b + a
2
D+X + a
2
D−X) + (SL(z;λb))
2a2b′
]
. (3.6)
For the right-handed b quark, B3R and BQR are given by B3L and BQL with (CL, SL) replaced
by (SR, CR), respectively.
To describe a massless neutrino for each generation, we need to introduce only a vector
multiplet Ψ3 in Eqs. (2.16) and (2.17). The four-dimensional Lagrangian terms for the Z
boson coupling of ντ neutrino are obtained as
LZνν¯ = gAZµ
cos θW
NLν¯τLγµντL, (3.7)
6
with NL = 12N 3L, where N 3L is given by
N 3L =
∫ zL
1
dz
[
NZ(z)(CL(z; 0))
2a2ντ
]
. (3.8)
The four-dimensional Lagrangian terms for the Z boson coupling of τ lepton are
LZττ¯ = gAZµ
cos θW
(XLτ¯LγµτL + XRτ¯RγµτR) , (3.9)
with XL,R = −12X 3L,R + XQL,R sin2 θW . The quantities X 3L and XQL are given by
X 3L =
∫ zL
1
dz
[
NZ(z)(CL(z;λτ ))
2 (2 cos θHaτ+L1Xaτ−L1X )
+2 sin θHDZ(z)CL(z;λτ )SL(z;λτ )aτ+L1Xaτ ′
]
, (3.10)
XQL =
∫ zL
1
dz NZ(z)
[
(CL(z;λτ ))
2(a2τ+L1X + a
2
τ−L1X ) + (SL(z;λτ ))
2a2τ ′
]
. (3.11)
For the right-handed τ lepton, X 3R and XQR are given by X 3L and XQL with (CL, SL) replaced
by (SR, CR), respectively.
To describe massive neutrinos one needs to introduce two multiplets Ψ3 and Ψ4. The
structure is the same as in the quark sector. The quantities N 3L,R and X 3,QL,R are obtained
with use of the correspondence between leptons and quarks:
(ντ , L2Y , L3X , ν
′
τ ) ↔ (U,B, t, t′), (Lˆ3XR, Lˆ2Y R)↔ (UˆR, BˆR),
(L3Y L, τ, L1X , τ
′) ↔ (b,D,X, b′), (Lˆ3Y R, Lˆ1XR)↔ (DˆR, XˆR),
(µℓ1, µ
ℓ
2, µ
ℓ
3, µ˜
ℓ) ↔ (µ3, µ1, µ˜, µ2). (3.12)
The four-dimensional Lagrangian term for the Z boson coupling of the right-handed ντ
neutrino should be added as
LZνν¯R = gAZµ
cos θW
NRν¯τRγµντR, (3.13)
with NR = 12N 3R.
Typical numerical values for these Z couplings have been given in Ref. [11]. It has
been shown that they deviate slightly from the standard model. In next section, we will
calculate AFB as an observed indication for the Z couplings.
4 Forward-backward asymmetry: numerical analysis
A formal equation for the forward-backward asymmetry on the Z resonance for the scat-
tering e+e− → f f¯ is the same as in the standard model at tree level. For the unpolarized
initial electron, it is given by a simple formula
AfFB =
3
4
AeLRA
f
LR. (4.1)
7
Here the superscript denotes spices of fermions such as e as in AeLR. The polarization
asymmetry for the decay Z → f f¯ is determined from the Z boson couplings of fermions.
The AfLR is given by
AfLR =
(gfL)
2 − (gfR)2
(gfL)
2 + (gfR)
2
. (4.2)
Here gfL,R are TL,R, BL,R, NL,R, XL,R for t and b quarks and ντ and τ leptons, respectively.
In the standard model, at tree level gfL,R are read as
TL SM→ 12 − 23 sin2 θW , BL
SM→ −1
2
+ 1
3
sin2 θW , NL SM→ 12 , XL
SM→ −1
2
+ sin2 θW ,
TR SM→ −23 sin2 θW , BR
SM→ 1
3
sin2 θW , NR SM→ 0, XR SM→ sin2 θW , (4.3)
which are independent of the generation for fermions. In the present model, gfL,R are
defined as quantities including integrals with respect to z as given in the previous section.
The asymmetries AfLR and A
f
FB are obtained through a numerical calculation.
The model with massive neutrinos has 16 parameters: c (whose number is 6) for three
generations of quarks and leptons, |µ˜/µ2| (whose number is 3) for three generations of
quarks, |µℓ3/µ˜ℓ| (whose number is 3) for three generations of leptons, and gA, gB, k, L
except for the modestly-tuned parameters, µ2 ≫ mKK, to make unwanted fields heavy.
We take 16 inputs as 6 quark masses, 6 lepton masses, sin θW , mZ , k and zL. If one treats
neutrinos as massless approximately, the number of the parameters is reduced. The model
with massless neutrinos has 13 parameters: c (whose number is 6) for three generations of
quarks and leptons, |µ˜/µ2| (whose number is 3) for three generations of quarks, and gA,
gB, k, zL. For this case, the 13 inputs can be taken as 6 quark masses, 3 charged lepton
masses, sin θW , mZ , k and zL. The case with massless neutrinos can also be regarded
as a limit of the case with massive neutrinos. The parameters k and zL are inputs for
warped geometry, sin θW and mZ are inputs for the Z boson and the others are assigned
for masses of fermions.
For input parameters of warped geometry, we take zL = (10
18GeV)/(1TeV) = 1.0 ×
1015 and k = 4.7 × 1017, where k is chosen such that the value of mW = mW (k, zL, θH)
is appropriately reproduced. For these values of zL and k, the Kaluza-Klein scale is
given by mKK = πkz
−1
L = 1.48TeV. For input parameters of the Z boson, we take mZ =
91.1876GeV (the central values in Particle Data Group data [18]) and sin2 θW = 0.2312
(the MS value in Particle Data Group data [18]). The Wilson line phase is θH = π/2.
For fermion masses, we take three sets: The first set is the central values of the running
Table 2: Masses of quarks and charged leptons: the central values in unit of MeV in
XZZ [19], FK [20], PDG [18].
mu md ms mc mb mt me mµ mτ
XZZ 1.27 2.90 55 619 2890 171700 0.486570161 102.7181359 1746.24
FK 2.33 4.69 93.4 677 3000 181000 0.48684727 102.75138 1746.69
PDG 2.4 4.75 104 1270 4200 171200 0.510998910 105.658367 1776.84
masses at the mZ scale given in Ref. [19], which we refer to as XZZ. The second set is the
central values of the running masses at the mZ scale given in Ref. [20], which we refer to
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as FK. The final set is the central values of the physical (pole) masses given in Ref. [18],
which we refer to as PDG. The mass parameters of the three sets are tabulated in Table 2.
In the sets XZZ and FK, neutrinos are taken as massless. In the set PDG, mνe = 10
−3eV,
and mνe = mν1 , mνµ = mν2 , mντ = mν3 are assumed. The differences of masses squared
are taken as ∆m221 = 8× 10−5eV2 and ∆m232 = 2.45× 10−3eV2 (the central values for the
difference of masses squared in Ref. [18]). This corresponds to taking mνµ = 9 × 10−3eV
and mντ = 5.0309× 10−2eV.
With the above input parameters, the polarization asymmetries for the decay Z → f f¯ ,
AfLR are numerically calculated. These values are tabulated in Table 3. For comparison,
the values derived from Eq. (4.3) are shown as the tree-level values in the standard model.
For neutrinos, AνLR = 1, where the difference A
ν
LR − 1 is suppressed by large orders of
Table 3: AfLR.
u c t d s b e µ τ
XZZ 0.6643 0.6645 0.5097 0.9448 0.9348 0.9350 0.1419 0.1422 0.1423
FK 0.6643 0.6645 0.4890 0.9348 0.9348 0.9350 0.1419 0.1422 0.1423
PDG 0.6643 0.6645 0.5108 0.9348 0.9348 0.9350 0.1418 0.1420 0.1421
SM 0.6686 0.9357 0.1496
magnitude. It is read from Table 3 that the values of AfLR are close to the values of the
standard model. On the other hand, the flavor universality is slightly violated except for t
quark. The non-universality between AuLR and A
t
LR is estimated as A
t
LR/A
u
LR−1 ∼ −23%
for the set XZZ.
From the above values for AfLR and the formula (4.1), the forward-backward asym-
metries on the Z resonance for e+e− → f f¯ , AfFB are calculated. The values of them are
tabulated in Table 4. It is found that the tree-level predictions of AcFB, A
s
FB and A
b
FB are
Table 4: AfFB. For comparison, the values derived with use of Eq. (4.3) are shown as the
tree-level values in the standard model. In addition, the central values and the deviations
of the standard model prediction given in Particle Data Group review [18] are shown in
parentheses. For XZZ, the deviation between the prediction and the experimental value
is denoted as Pull ≡ [(Central value)Exp.−(Prediction)]/(Error)Exp.. Since mt > mZ , AtFB
should be interpreted as a mere reference value given in Eq. (4.1) with AfLR.
f Exp. XZZ Pull FK PDG
u — 0.07071 0.07071 0.07063
c 0.0707± 0.0035 0.07073 0.0 0.07073 0.07065
t — 0.05425 0.05205 0.05431
d — 0.09950 0.09950 0.09939
s 0.0976± 0.0114 0.09950 -0.2 0.09950 0.09939
b 0.0992± 0.0016 0.09952 -0.2 0.09952 0.09941
e 0.0145± 0.0025 0.01511 -0.2 0.01511 0.01507
µ 0.0169± 0.0013 0.01513 1.4 0.01513 0.01510
τ 0.0188± 0.0017 0.01515 2.1 0.01515 0.01511
SM Pull
0.07500
(0.0738) (-0.9)
0.10496
(0.1034) (-0.5)
(0.1033) (-2.5)
0.01677 (0.01627) (-0.7)
(0.5)
(1.5)
9
quite close to the central values of the experimental values given in Ref. [18]. This is a
remarkable result of the present model, which is different from the standard model. As for
the lepton sector, it seems that both of theory and experiment need improvements. The
notable agreement in the quark sector is the case for all the three sets, XZZ, FK, PDG of
fermion masses. That the AfFB are not very sensitive to whether the fermion masses are
running masses or physical masses is led to relaxing the dependence of the predictions on
the values of c, µα, µ˜. Hence, the model have made a realistic prediction with a moderate
tuning as a whole.
The polarization asymmetry and the forward-backward asymmetry are not very sen-
sitive to the values of input parameters for warped geometry. For a large warp factor
zL = 1.0×1017 and k = 5.0×1019GeV, AfLR and AfFB are given in Appendix B. For these
input parameters, the predictions are also shown to be close to the central values of the
experimental data.
5 Other electroweak quantities
In addition to the forward-backward asymmetry, the experimental measurement has been
developed for other electroweak quantities. In this section, we present the tree-level
prediction of the decay width of Z boson and the S and T parameters. For various
electroweak quantities, it has been proposed that there is a class of theory beyond the
standard model which is applied to a global analysis [21]. Such an analysis may be useful
when the treatment of the model with radiative corrections is as transparent as in the
standard model. We will choose the values of the input parameters given in the previous
section instead of searching a global fit. One reason is because the warp factor and the
masses are fixed from the hierarchy and the experiments, respectively at the leading level.
The other is because the parameter values for a global fit would be affected by radiative
corrections. Our standpoint is that the tree-level analysis should be prioritized and that
the quantitative results should be given.
5.1 Decay width
At tree level in the SO(5)× U(1)X model, the decay width of Z boson is given by
Γ(Z → f f¯) = mZαL
3 sin2 θW cos2 θW
[
(gfL)
2 + (gfR)
2
2
+ 2gfLg
f
R
m2f
m2Z
]√
1− 4m
2
f
m2Z
. (5.1)
where the couplings gfL and g
f
R have been used as in Eq. (4.2). The total width and the
branching fraction are shown in Table 5. Table 5 includes the experimental values given in
Particle Data Group data [18]. It is seen that the deviation of the tree level prediction from
the experimental value is significantly large for leptonic decay modes and that fractions
in the quark sector are not so different from the experimental data. This deviation in
the lepton sector seems too large. We have find that a comparatively large deviation in
the lepton sector arises also in the forward-backward asymmetry in the previous section
and that AbFB, A
c
FB and A
s
FB in the quark sector are quite close to the central values of
the experimental values. On the other hand, the analysis here has been to estimate only
the leading contribution. Since the lepton sector has the large flavor mixing, the mixing
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Table 5: Z boson decay: the branching fraction and the total width. For the values of
masses, the set XZZ is adopted and α = 1/128. The invisible decay mode means the
decay into νeν¯e + νµν¯µ + ντ ν¯τ in the model.
Z decay modes Fraction (Γi/Γ) Exp. Pull
e+e− (%) 3.46173 3.363± 0.004 -25
µ+µ− (%) 3.46097 3.366± 0.007 -14
τ+τ− (%) 3.45545 3.370± 0.008 -11
invisible (%) 20.5164 20.00± 0.06 -8.6
(uu¯+ cc¯)/2 (%) 11.7955 11.6± 0.6 -0.3
(dd¯+ ss¯+ bb¯)/3 (%) 15.1715 15.6± 0.4 1.1
cc¯ (%) 11.794 12.03± 0.21 1.1
bb¯ (%) 15.1661 15.21± 0.05 0.9
total width (GeV) 2.47617 2.4952± 0.0023 8.3
effect might change the fraction in the lepton sector even at the tree level. This analysis
will be left to future work.
5.2 S and T parameters
In electroweak physics, it is conventional to represent the effect of new physics for observ-
ables by the S and T parameters [23, 24] (see [25] for review). This is estimated for new
physics after loop corrections in the standard model are taken into account. The general
form of the Lagrangian associated with oblique corrections is Leff = LSM + L˜new, with
LSM = LSM(e˜, sin θ˜W , m˜Z , m˜W ) and
L˜new =
Π′γγ(0)
4
F˜µµF˜
µν +
Π′WW (0)
2
W˜+µνW˜
−µν +
Π′ZZ(0)
4
Z˜µνZ˜
µν +
Π′γZ(0)
2
F˜µνZ˜
µν
−ΠWW (0)W˜+µ W˜−µ −
ΠZZ(0)
2
Z˜µZ˜
µ. (5.2)
where F˜µν , Z˜µν and W˜
±
µν are the field strengths for photon, Z boson and W boson, re-
spectively and the quantities Π′γγ(0), Π
′
WW (0), Π
′
ZZ(0), ΠWW (0) and ΠZZ(0) are assumed
to be small. For the Lagrangian Leff, the S and T parameters are given by
αS = 4s˜2c˜2
(
Π′ZZ(0)−Π′γγ(0)−
c˜2 − s˜2
c˜s˜
Π′γZ(0)
)
, αT =
ΠWW (0)
m˜2W
− ΠZZ(0)
m˜2Z
, (5.3)
where s˜ = sin θ˜W and c˜ = cos θ˜W . After the kinetic terms are canonically normalized, the
gauge boson part of the effective Lagrangian becomes
Leff = −1
4
FµνF
µν − 1
2
W+µνW
−µν − 1
4
ZµνZ
µν −m2WW+µ W−µ −
1
2
m2ZZµZ
µ
+e
∑
i
f¯iγ
µQEfiAµ +
[
e˜√
2s˜
(
1 +
Π′WW (0)
2
)∑
ij
V˜ij f¯iγ
µPLfjW
+
µ + h.c.
]
+
e˜
s˜c˜
(
1 +
ΠZZ(0)
2
)∑
i
f¯iγ
µ
[
T 3i PL −QE s˜2 +QE s˜c˜Π′γZ(0)
]
fiZµ. (5.4)
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where T 3i is the eigenvalue of T
3
L for a fermion fi. The physical masses and coupling are
identified as mW = (1 + (ΠWW (0)/m˜
2
W + Π
′
WW (0))/2)m˜W , mZ = (1 + (ΠZZ(0)/m˜
2
Z +
Π′ZZ(0))/2)m˜Z and e = (1+Π
′
γγ(0)/2)e˜. In Eq. (5.4), the effect of new physics is included
in the charged and neutral currents. The Z boson coupling in Eq. (5.4) is written in terms
of S and T as
e(1 + αT/2)
sc
∑
i
f¯iγ
µ
[
T 3i PL −QE
(
s2 +
αS
4(c2 − s2) −
c2s2αT
c2 − s2
)]
fiZµ, (5.5)
where s satisfies e2/(s2c2m2Z) = e˜
2(1−ΠWW (0)/m˜2W )/(s˜2c˜2m˜2Z). If an effective Lagrangian
is in the form of Eq. (5.4), the corresponding S and T can be estimated. The SO(5)×
U(1)X model has gauge couplings of fermions different from the values in the standard
model while the canonical kinetic terms are kept. We have found that this occurs at tree
level and that this is the effect of extra-dimensional new physics. The point is that in
the SO(5) × U(1)X model the gauge interactions are not universal with respect to the
generation of fermions unlike Eq. (5.4). Due to this deviation, the tree-level currents in
the SO(5)× U(1)X model may need some alternative parameters instead of the S and T
parameters. However, we will not discuss this issue further. Our tree-level estimation is
to find how large the values are if contributions of the S and T parameters rather than
the alternative parameters were dominant for corrections to couplings. In other words,
for the moment, we treat the case where corrections are characterized by the S and T
parameters with a flavor fixed.
We formally estimate the tree-level values of the S and T parameters in the SO(5)×
U(1)X model. For a fermion f with corrections dominated by the S and T parameters,
comparing Eq. (5.5) with the Z couplings given in Section 3 yields
αS = − 2
QE
(c2 − s2)(gfL + gfR)
√
L− 8c2s2
+
(gfL − gfR)
√
L
T 3f
[
2
QE
(c2 − s2)(T 3f − 2QEs2) + 8c2s2
]
, (5.6)
αT = 2
(
gfL − gfR
T 3f
− 1
)
, (5.7)
where Qf 6= 0 and the couplings gfL and gfR have been employed as in Eq. (4.2). For
electron, this evaluation leads to
S(electron) = 2.2049, T (electron) = 2.72176. (5.8)
The experimental data is S(Exp.) = −0.10±0.10 and T (Exp.) = −0.08±0.11 [18]. In the
experimental constraint, loop corrections in the standard model are taken into account.
The one-loop contribution in the standard model is given by
S(SM 1-loop) = 0.247565, T (SM 1-loop) = 1.25605, (5.9)
for mh = 117GeV. The full equations for the S and T parameters in the standard model
are summarized in Appendix C. The contribution (5.8) is large compared to the loop
corrections in the standard model. We emphasize that Eq. (5.8) is a formal equation.
The vacuum polarization in the gauge sector is expected to be flavor universal. It might
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be proper to adopt the picture that tree-level corrections are flavor-violated and corre-
spond to some alternative parameters except for S and T parameters and that one-loop
vacuum polarization is the first contribution for S and T parameters. In such a case, the
experimental constraint should be read for the alternative parameters as well as for the
S and T parameters. Further investigation will be left to future work.
6 Summary and discussions
We have presented the tree-level prediction of the forward-backward production asymme-
try on the Z resonance for quarks and leptons, AfFB, in the SO(5)× U(1)X gauge-Higgs
unification model given in Ref. [11]. It has been found that the tree-level prediction for
b quark production gives AbFB(XZZ, FK) = 0.09952, which is quite close to the central
value of the experimental data AbFB(Exp.) = 0.0992 ± 0.0016. We have also found for
c quark production AcFB = 0.07073(XZZ,FK) which is also close to the central value of
the experimental data AcFB(Exp.) = 0.0707 ± 0.0035. For all fermions, the tree-level
predictions of AfFB have been given, and it has been shown that the values are not very
sensitive to whether masses of quarks and leptons are taken as running masses or pole
masses. We have also evaluated the Z decay width and the S and T parameters. As for
these quantities, it has been shown that the effect of lepton mixing and the identification
of relevant parameters are worth examining.
The small deviation from the experimental data is closely related to the left-right
symmetry similar to the custodial symmetry in the standard model as shown in Ref. [11],
according to a general discussion in Ref. [22], although a numerical analysis is required un-
der the present understanding. The normalized coefficients of mode function for fermions
are non-vanishing only for the part symmetric under the exchange of left and right isospin
eigenvalues in SU(2)L × SU(2)R: T 3L = T 3R = +12 , T 3L = T 3R = −12 , T 3L = T 3R = 0
and (T 3L = −T 3R = +1
2
)⊕ (T 3L = −T 3R = −1
2
). The left-right asymmetric part has the
coefficients proportional to cos θH which vanishes at θH = ±12π for the potential minimum.
The scattering process e+e− → f f¯ receives contributions from not only tree level but
also quantum loop level. This must be treated appropriately. For example, one-loop
corrections to couplings of heavy quarks to Z boson have been shown to be sizable in
similar models [27]. In the standard model, radiative effects of heavy fields with masses
much larger than mZ are dominated by oblique corrections. The polarization asymmetry
for the decay Z → e+e− is corrected as
AeLR =
[−1
2
+ s2∗(q
2)
]2 − [s2∗(q2)]2[−1
2
+ s2∗(q2)
]2
+ [s2∗(q2)]
2
, (6.1)
and the forward-backward asymmetry for b quark, for instance, is given by
AbFB =
3
4
AeLR
[−1
2
+ 1
3
s2∗(q
2)
]2 − [1
3
s2∗(q
2)
]2[−1
2
+ 1
3
s2∗(q2)
]2
+
[
1
3
s2∗(q2)
]2 (1− kAαsπ
)
, (6.2)
where QCD corrections are included in kA and the strong coupling constant is αs. In
Eqs. (6.1) and (6.2), the weak mixing angle is replaced by the effective quantity,
s2∗(q
2) = sin2 θ0 +
α
c2 − s2
(
1
4
S − s2c2T
)
, sin 2θ0 ≡
(
4πα(mZ)√
2GFm2Z
)1/2
, (6.3)
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where the Fermi constant are denoted as GF . When α(mZ), GF and mZ are taken as
input parameters, the effect of radiative corrections is accommodated in the S and T
parameters which is rewritten in the standard model as
αS = 4e2
[
Π′3L3L(0)− Π′3LQE(0)
]
, αT =
e2
s2c2m2Z
[Π1L1L(0)− Π3L3L(0)] , (6.4)
where the vacuum polarizations Π have the components for the electric charge QE and
the SU(2)L indices, 1L, 2L, 3L. The S and T parameters in the standard model are two
finite linear combinations of vacuum polarizations. This finiteness is understood from a
viewpoint that the symmetry of the theory should be recovered at large momentum, where
Π3L3L|div ∼ Π1L1L |div and (Π3L3L |div−Π3LQE |div) ∼ q2-independent. In higher-dimensional
theory, a strategy to extract radiative corrections would be to describe some observed
quantities in terms of some other observed quantities as in the standard model. Then
AfFB should be described in terms of physical quantities such as running masses. Because
the gauge-Higgs unification scenario is based on the gauge principle, it may be similar
to identify finite combinations such as the S and T parameters, involving recovery of a
symmetry at large momentum. Indeed, finite corrections of S and T parameters has been
given in some extra-dimensional models [21][26]-[29]. Particularly, in an SO(5) × U(1)-
invariant formulation, the S parameter seems to give a value much above the current
experimental bounds for the Wilson line phase θH = ±π/2 [28]. The present model has
SO(4) × U(1) multiplets on the Planck brane so that their results for the S parameter
cannot be directly applied to the present model. In addition, higher-dimensional theory
includes couplings with negative mass dimension and a new feature appears differently
than in models with dimensionless parameters and masses. Even if there is only one
interaction and usual kinetic energy terms, radiative corrections in higher-dimensional
models lead to two point functions with multiple poles [30]. This make the treatment of
loop corrections complicated. We leave investigation of these radiative corrections in the
present SO(5)× U(1)X model to future work.
While we have restricted our attention on the forward-backward asymmetry on Z res-
onance, recently a large forward-backward asymmetry for t quark has been observed [31]
AtFB = 0.193± 0.065stat. ± 0.024syst., (6.5)
at
√
s = 1.96TeV. There seems a discrepancy between this value and the standard model
prediction. In this circumstance, there has been a possibility that the contributions of
Kaluza-Klein excitations of gauge bosons account for the discrepancy in a warped extra-
dimensional model [32]. Kaluza-Klein particles in the present SO(5)×U(1)X model might
also yield sizable contributions.
We have found that the violation of universality at the Z boson vertices is crucial
for obtaining the results concerning AfFB. If such a violation is arbitrarily large, flavor-
changing neutral currents would also be large. In the present model, couplings of photon
with fermions are just the normalization of the fermion wave functions and determined
completely by the electric charges because the photon is a constant mode. At tree level,
the only source of lepton-number violation is the mixing of the low-mass neutrinos. Then
flavor-changing neutral current processes such as µ→ eγ are extremely small unobservable
probabilities. This may also be affected by radiative corrections. In addition to the issue
of the above radiative corrections, the model has to be examined in more detail.
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A Mode functions of Z boson and fermions
In this appendix, mode functions of Z boson and fermions and some related functions are
summarized.
A.1 Z boson
The SO(5) gauge fields are split into classical and quantum parts AM = A
c
M +A
q
M , where
Acµ = 0 and A
c
y = (dz/dy)A
c
z = kzA
c
z. With the gauge-fixing functional
f
(A)
gf = z
2
{
ηµνDcµAqν + ξk2zDcz
(
1
z
Aqz
)}
, (A.1)
the quadratic action for the SO(5) gauge fields is
Sgaugebulk 2 =
∫
d4x
dz
kz
[
tr
{
ηµνAqµ(+ k
2P4)Aqν + k2Aqz(+ k2Pz)Aqz
}]
, (A.2)
for ξ = 1. Here Acµ = 0 have been taken. The differential operators are  = η
µν∂µ∂ν , P4 =
zDcz(1/z)Dcz, Pz = DczzDcz(1/z), where DcMAqN = ∂MAqN − igA[AcM , AqN ]. The linearized
equations of motion is
Aqµ + k
2zDcz
1
z
DczAqµ = 0, Aqz + k2DczzDcz
1
z
Aqz = 0. (A.3)
The SO(4) vector Aaˆy which forms the SU(2)L-doublet Φ
t
H = (A
2ˆ
y + iA
1ˆ
y, A
4ˆ
y − iA3ˆy)
has zero modes. One can utilize the residual symmetry such that the zero mode of
A4ˆy yield a nonzero vacuum expectation value 〈Aaˆy〉 = vδa4. The Wilson line phase θH
is given by exp{ i
2
θH(2
√
2T 4ˆ)} = exp{igA
∫ zL
1
dz〈Az〉} so that θH = 12gAv
√
(z2L − 1)/k.
By a large gauge transformation which maintains the orbifold boundary conditions, θH
can be shifted to θH + 2π. The gauge invariance of the theory implies that physics is
periodic in θH with a period 2π. With a gauge transformation, a new basis can be taken
in which the background field vanishes, A˜cz = 0. The new gauge is called the twisted
gauge as the boundary conditions are twisted. The new gauge potentials are related to
the original ones byA˜M = ΩA
q
MΩ
−1, B˜M = B
q
M . Here Ω(z) = exp{iθ(z)
√
2T 4ˆ} and
θ(z) = θH(z
2
L − z2)/(z2L − 1). The equations of motion (A.3) become
A˜µ + k
2
(
∂2z −
1
z
∂z
)
A˜µ = 0, A˜z + k
2
(
∂2z −
1
z
∂z +
1
z2
)
A˜z = 0. (A.4)
The field B˜M satisfies the same equations as A˜M .
The four-dimensional components of the SO(5) and U(1)X gauge bosons contain W
and Z bosons and photon as
A˜µ(x, z) = Wµ
{
hLWT
−L + hRWT
−R + h∧WT
−ˆ
}
+W †µ
{
hLWT
+L + hRWT
+R + h∧WT
+ˆ
}
+Zµ
{
hLZT
3L + hRZT
3R + h∧ZT
3ˆ
}
+ Aγµhγ
{
T 3L + T 3R
}
+ · · · , (A.5)
B˜µ(x, z) = Zµh
B
Z + A
γ
µh
B
γ + · · · . (A.6)
The wave functions hLW (z), h
R
W (z) and h
∧
W (z) forWµ(x), h
L
Z(z), h
R
Z(z), h
∧
Z(z) and h
B
Z (z) for
Z(x) and hγ(z) and h
B
γ (z) for Aγ(x) satisfy their own equations of motion and boundary
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conditions. For the Z boson tower, for instance, the boundary conditions at z = 1 is given
as
0 = sφ
(
sin2
θH
2
∂zh
L
Z + cos
2 θH
2
∂zh
R
Z +
1√
2
sin θH ∂zh
∧
Z
)
+ cφ∂zh
B
Z , (A.7)
0 = cφ
(
sin2
θH
2
hLZ + cos
2 θH
2
hRZ +
1√
2
sin θH h
∧
Z
)
− sφhBZ . (A.8)
The lowest mass modes for Wµ(x), Zµ(x) and Aγ(x) are W and Z bosons and photon,
respectively.
The wave functions for the bosons in the Z boson tower are
hLZ(z) =
c2φ + cos θH(1 + s
2
φ)
2
√
1 + s2φ
NZ(z;λ), h
R
Z(z) =
c2φ − cos θH(1 + s2φ)
2
√
1 + s2φ
NZ(z;λ),
h∧Z(z) = −
sin θH√
2
√
1 + s2φDZ(z;λ), h
B
Z (z) = −
sφcφ√
1 + s2φ
NZ(z;λ). (A.9)
Here NZ = 2b
√
1 + s2φC(z;λ) and DZ = 2b
√
1 + s2φ(C(1;λ)/S(1;λ))S(z;λ). The C and
S functions are defined as
C(z;λ) =
π
2
λzzLF1,0(λz, λzL), C
′(z;λ) =
π
2
λ2zzLF0,0(λz, λzL), (A.10)
S(z;λ) = −π
2
λzF1,1(λz, λzL), S
′(z;λ) = −π
2
λ2zF0,1(λz, λzL). (A.11)
where a useful linear combination of Bessel functions is defined as
Fα,β(u, v) = Jα(u)Yβ(v)− Yα(u)Jβ(v), (A.12)
and the prime denotes a derivative such as C ′ = dC/dz. A relation CS ′−SC ′ = λz holds.
From the normalization
∫ zL
1
dz(kz)−1{(hLZ)2 + (hRZ)2 + (h∧Z)2 + (hBZ )2} = 1 the coefficient
b is determined to be
b−2 =
∫ zL
1
dz
kz
2(1 + s2φ)
2
[
2
1 + s2φ
(C(z;λ))2
− sin2 θH
(
(C(z;λ))2 −
(
C(1;λ)
S(1;λ)
)2
(S(z;λ))2
)]
. (A.13)
The equation (A.8) is automatically fulfilled with Eq. (A.9).
The mass spectrum of the Z tower is determined by
2S(1;λ)C ′(1;λ) + λ(1 + s2φ) sin
2 θH = 0. (A.14)
The other boundary condition (A.7) is fulfilled with Eq. (A.14). The mass of the lightest
mode, the Z boson, is given by
mZ ≈ mW
cos θW
, mW ≈ mKK
π
√
kL
| sin θH |, (A.15)
where mKK ≈ πke−kL.
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A.2 Fermions
In terms of the rescaled fields Ψ˜a = z
−2Ω(z)Ψa in the twisted gauge where
Ω(z) =

 13 cos θ(z) sin θ(z)
− sin θ(z) cos θ(z)

 , θ(z) = z2L − z2
z2L − 1
θH , (A.16)
the action for the fermions in the bulk region becomes
Sfermionbulk =
∑
a
∫
d4x
dz
k
i ¯˜Ψa
{
Γµ(∂µ − igAA˜µ − igBQXaB˜µ)
+Γ5σ′(∂z − igAA˜z − igBQXaB˜z)− c
a
z
σ′
}
Ψ˜a, (A.17)
If there were no brane interactions, it would obey{(
σ · ∂
σ¯ · ∂
)
− k
(
D−(ca)
D+(ca)
)}(
Ψ˜aR
Ψ˜aL
)
= 0, (A.18)
where D±(c) = ±(d/dz) + (c/z). Neumann conditions for Ψ˜R and Ψ˜L are given by
D−(c)Ψ˜R = 0 and D+(c)Ψ˜L = 0, respectively. The resulting second order differential
equations are{
∂2 − k2D−(ca)D+(ca)
}
Ψ˜aL = 0,
{
∂2 − k2D+(ca)D−(ca)
}
Ψ˜aR = 0. (A.19)
The basic functions are given by(
CL
SL
)
(z;λ, c) = ±π
2
λ
√
zzLFc+ 1
2
,c∓ 1
2
(λz, λzL), (A.20)(
CR
SR
)
(z;λ, c) = ∓π
2
λ
√
zzLFc− 1
2
,c± 1
2
(λz, λzL). (A.21)
They satisfy
{
D+(c)D−(c)− λ2
}( CR(z)
SR(z)
)
= 0,
{
D−(c)D+(c)− λ2
}( CL(z)
SL(z)
)
= 0,
SL(z;λ,−c) = −SR(z;λ, c), CLCR − SLSR = 1. (A.22)
They satisfy the boundary conditions that CR = CL = 1, D−CR = D+CL = 0, SR =
SL = 0 and D−SR = D+SL = λ at z = zL. Further D± links L and R functions by
D+(CL, SL) = λ(SR, CR) and D−(CR, SR) = λ(SL, CL).
Top quark
In the quark sector we chose c1 = c2 = c. The top quark component t(x) in four dimensions
is contained in the form
 U˜L(B˜L ± t˜L)/√2
t˜′L

 (x, z) = √k

 aUCL(z;λ, c)aB±tCL(z;λ, c)
at′SL(z;λ, c)

 tL(x), (A.23)

 U˜R(B˜R ± t˜R)/√2
t˜′R

 (x, z) = √k

 aUSR(z;λ, c)aB±tSR(z;λ, c)
at′CR(z;λ, c)

 tR(x), (A.24)
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where u and c quarks are described in a similar way. We suppose that the scale of brane
masses in much larger than the Kaluza-Klein scale; µ21, µ
2
2, µ
2
3, µ˜
2 ≫ mKK. Then the ratios
of the coefficients a are given by
[aU , aB−t, at′ ] ≃
[
−
√
2µ˜
µ2
,−cH ,−sHCL|z=1
SL|z=1
]
aB+t. (A.25)
Here cH = cos θH and sH = sin θH . The coefficient aB+t is determined by
a−1B+t =
∫ zL
1
dz
{(
2
(
µ˜
µ2
)2
+ 1 + c2H
)
(CL(z))
2 + s2H
(
CL|z=1
SL|z=1
)2
(SL(z))
2
}
. (A.26)
The top quark mass mt = kλt obeys
µ˜2SRCL + µ
2
2CL
{
SR +
s2H
2SL
} ∣∣∣
z=1,λ=λt
= 0. (A.27)
This equation includes the ratio µ˜/µ2 and c as parameters. There is the corresponding
equation for bottom quark mass mb which includes the same parameters.
Bottom quark
The bottom quark component b(x) is contained in the form
 b˜L1√2(D˜L ± X˜L)
b˜′L

 (x, z) = √k

 abCL(z;λ, c1)aD±XCL(z;λ, c2)
ab′SL(z;λ, c2)

 bL(x), (A.28)

 b˜R1√2(D˜R ± X˜R)
b˜′R

 (x, z) = √k

 abSR(z;λ, c1)aD±XSR(z;λ, c2)
ab′CR(z;λ, c2)

 bR(x) . (A.29)
The d and s quarks are described in a similar manner. The ratios of the coefficients are
given by
[ab, aD−X , ab′ ] =
[
−
√
2µ2
µ˜
, cH ,
sHCL|z=1
SL|z=1
]
aD+X . (A.30)
The coefficient aD+X is given by
a−2D+X =
∫ zL
1
dz
{(
2
(
µ2
µ˜
)2
+ 1 + c2H
)
(CL(z))
2 + s2H
(
CL|z=1
SL|z=1
)2
(SL(z))
2
}
. (A.31)
The mass mb = kλb obeys
µ22SRCL + µ˜
2CL
{
SR +
s2H
2SL
} ∣∣∣
z=1,λ=λb
= 0. (A.32)
Combining Eqs. (A.27) and (A.32), one finds
µ˜2
µ22
= −
{
1 +
s2H
2SL(1;λt, c)SR(1;λt, c)
}
= −
{
1 +
s2H
2SL(1;λb, c)SR(1;λb, c)
}−1
. (A.33)
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The value of θH is dynamically determined. In the present model θH = ±12π. Hence,
given k, mt, mb, the parameters c and |µ˜/µ2| are determined. These values are not very
sensitive on the value of k.
The wave functions CL and SL for the left-handed quarks tL, bL are localized near the
Planck brane, whereas CR and SR for the right-handed quarks tR, bR are localized near
the TeV brane.
Tau lepton and tau neutrino
We need to introduce only a vector multiplet Ψ3 in Eqs. (2.16) and (2.17) to describe a
massless neutrino for each generation. The τ lepton is contained in the form(
1√
2
(τ˜L ± L˜1XL)
τ˜ ′L
)
(x, z) =
√
k
(
aτ±L1XCL(z;λ, c3)
aτ ′SL(z;λ, c3)
)
τL(x),(
1√
2
(τ˜R ± L˜1XR)
τ˜ ′R
)
(x, z) =
√
k
(
aτ±L1XSR(z;λ, c3)
aτ ′CR(z;λ, c3)
)
τR(x). (A.34)
The e and µ leptons are described in a similar way. The ratios of the coefficients are given
by
[aτ−L1X , aτ ′] ≃
[
cH ,
sHCL(z = 1)
SL(z = 1)
]
aτ+L1X , (A.35)
for (µℓ1)
2 ≫ mKK. The coefficient aτ+L1X is given by
a−2τ+L1X =
∫ zL
1
dz
{(
1 + c2H
)
(CL(z))
2 + s2H
(
CL(z = 1)
SL(z = 1)
)2
(SL(z))
2
}
. (A.36)
The mass mτ = kλτ is determined by
(µℓ1)
2CL
{
SR +
s2H
2SL
} ∣∣∣
z=1
= 0. (A.37)
The ντ neutrino is contained in the form
ν˜τL(x, z) =
√
kaντCL(z; 0, c)ντL(x). (A.38)
The νe and νµ neutrinos are described in a similar way. For massless fermions, the C
function becomes CL(z; 0, c) = (zL/z)
c. The coefficient is written as a simple equation
aντ =
√
(2c− 1)/(z2cL − zL).
To describe massive neutrinos one needs to introduce two multiplets Ψ3 and Ψ4. The
structure is the same as in the quark sector. We choose c3 = c4 = c. Equations in the
lepton sector are obtained with the correspondence between leptons and quarks:
(ντ , L2Y , L3X , ν
′
τ ) ↔ (U,B, t, t′), (Lˆ3XR, Lˆ2Y R)↔ (UˆR, BˆR),
(L3Y L, τ, L1X , τ
′) ↔ (b,D,X, b′), (Lˆ3Y R, Lˆ1XR)↔ (DˆR, XˆR),
(µℓ1, µ
ℓ
2, µ
ℓ
3, µ˜
ℓ) ↔ (µ3, µ1, µ˜, µ2). (A.39)
The behavior of localization for wave functions in the lepton sector is similar to that
in the quark sector.
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B The asymmetries for a large warp factor
In this appendix, we take zL = 1.0 × 1017 and k = 5.0 × 1019GeV as input parameters
for warped geometry. For these values of zL and k, the Kaluza-Klein scale is given by
mKK = 1.57TeV. For the set XZZ, the polarization asymmetry A
f
LR and the forward-
backward asymmetry AfFB are shown in Table 6. For this large warp factor, the tree-level
Table 6: AfLR and A
f
FB for the set XZZ where zL = 1.0×1017 and k = 5.0×1019GeV. The
deviation between the prediction and the experimental value is denoted in parentheses.
f AfLR A
f
FB Pull
u 0.6649 0.07124
c 0.6650 0.07125 -0.2
t 0.5310 0.05690
d 0.9349 0.10017
s 0.9349 0.10018 -0.2
b 0.9351 0.10019 -0.6
e 0.1429 0.01531 -0.3
µ 0.1431 0.01533 1.2
τ 0.1432 0.01534 2.0
predictions of the model are also close to the central values of the experimental data.
C The values of S and T parameters at one-loop in
the standard model.
In this appendix, the equations for one-loop corrections for the S and T parameters in
the standard model are summarized [33]-[35].
Each vacuum polarization diagram includes logarithmic divergence
E =
2
ǫ
− γ + log
(
4π
M2
)
. (C.1)
The other part can be described with Feynman parameter integrals
b0(12X) =
∫ 1
0
dx log
(
∆(M21 ,M
2
2 , q
2
X)
M2
)
, (C.2)
b1(12X) =
∫ 1
0
dx x log
(
∆(M21 ,M
2
2 , q
2
X)
M2
)
, (C.3)
b2(12X) =
∫ 1
0
dx x(1− x) log
(
∆(M21 ,M
2
2 , q
2
X)
M2
)
, (C.4)
where q2q ≡ q2 and ∆(M21 ,M22 , q2) = xM22 + (1− x)M21 + x(1− x)q2.
The top and bottom loops contribute
Stb = − 1
2π
(
1 +
1
3
log
m2b
m2t
)
, (C.5)
Ttb =
3
8πs2c2m2Z
(
m2tm
2
b
m2t −m2b
log
m2b
m2t
+
m2t +m
2
b
2
)
. (C.6)
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The Higgs boson loops contribute
Sh =
1
π
{
E
(
− 1
12
)
− 1
4
(m2Z −m2h)[2b′1(hZ0)− b′0(hZ0)]
−1
4
[4b2(hZ0)− b0(hZ0)]−m2Zb′0(hZ0)
}
, (C.7)
Th =
1
4πs2c2m2Z
{
E(m2W −m2Z)−
1
4
[
3m2Wm
2
h
m2W −m2h
log
m2W
m2h
+ 4m2W log
m2W
M2
− 3m
2
Zm
2
h
m2Z −m2h
log
m2Z
m2h
− 4m2Z log
m2Z
M2
− 7
2
(m2W −m2Z)
]}
, (C.8)
which depend on E and M . The sum of Sh and the contribution to S from gauge boson
loops is independent of E and M . Also the sum of Th and the contribution to T from
gauge boson loops is independent of E and M . Here
b′0(hZ0) =
1
m2Z −m2h
[
−1
2
+
m2Z
m2Z −m2h
− m
2
Zm
2
h
(m2Z −m2h)2
log
m2Z
m2h
]
,
b′1(hZ0) =
1
m2Z −m2h
[
−1
3
+
m2Z
2(m2Z −m2h)
− m
2
Zm
2
h
(m2Z −m2h)2
+
m2Zm
4
h
(m2Z −m2h)3
log
m2Z
m2h
]
b0(hZ0) = −1 + log m
2
h
M2
+
m2Z
m2Z −m2h
log
m2Z
m2h
,
b2(hZ0) =
1
6
log
m2Z
M2
− 5
36
+
m2h
3(m2Z −m2h)
− m
4
h
2(m2Z −m2h)2
log
m2Z
m2h
+
m4h
3(m2Z −m2h)2
− m
6
h
3(m2Z −m2h)3
log
m2Z
m2h
. (C.9)
The gauge boson loops contribute
Sg =
1
π
{
E
(
1
12
)
+ (b2 − 1
4
b0)(WW0)
}
, (C.10)
Tg =
1
4πs2c2m2z
{
E(m2Z −m2W ) + (2c2 +
1
4
)(m2W −m2Z)(2b1 − b0)(WZ0)
−(m2Z − 3m2W )b0(WZ0)− 2m2W b0(WW0) + 2s2m2W (2b1 − b0)(W00)
}
.(C.11)
Here
b0(WW0) = log
m2W
M2
, (C.12)
b2(WW0) =
1
6
log
m2W
M2
, (C.13)
b0(WZ0) = log
m2Z
M2
− 1 + m
2
W
m2Z −m2W
log
m2Z
m2W
, (C.14)
b1(WZ0) =
1
2
log
m2Z
M2
− 1
4
+
1
2
m2W
m2Z −m2W
− 1
2
m4W
(m2Z −m2W )2
log
m2Z
m2W
, (C.15)
b0(W00) = log
m2W
M2
− 1, (C.16)
b1(W00) =
1
2
log
m2W
M2
− 3
4
. (C.17)
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For the input values given in Section 4, the S and T parameters become
Stb = 0.2742, Ttb = 1.1853, (C.18)
Sh + Sg = −0.02666, Th + Tg = 0.07076, for mh = 117GeV, (C.19)
Sh + Sg = 0.04866, Th + Tg = 0.1701, for mh = 340GeV, (C.20)
Sh + Sg = 0.1108, Th + Tg = 0.3121, for mh = 1000GeV, (C.21)
where the Higgs boson mass in the standard model has been taken as an input parameter.
The total contributions to the S and T parameters, Stb + Sh + Sg and Ttb + Th + Tg, are
S(SM 1-loop) = 0.2476, T (SM 1-loop) = 1.2561, for mh = 117GeV, (C.22)
S(SM 1-loop) = 0.3229, T (SM 1-loop) = 1.3554, for mh = 340GeV, (C.23)
S(SM 1-loop) = 0.3850, T (SM 1-loop) = 1.4974, for mh = 1000GeV.(C.24)
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